We used RNA probes and enzyme activities to compare the cellulolytic microbial ecosystems of the rumen and the cecum. Four rumen-and cecumcannulated wethers were fed a diet of barley plus hay (60:40). Digesta samples were collected 1 h before feeding and 3, 6, and 9 h after feeding for measurements on microbial populations, and 1 h before feeding and 3 and 6 h after feeding for digestion measurements, pH, and VFA. Polysaccharidase and glycosidase specific activities of solid-adherent microorganisms were measured respectively by the amount of reducing sugars released from xylan or avicel or p-nitrophenol from the p-nitrophenol derivatives of xylose and glucose. The distribution and amounts of the three main cellulolytic bacterial species (Fibrobacter succinogenes, Ruminococ-
Introduction
In ruminants, fiber digestion occurs mainly in the rumen, but also in the cecum, especially when digestion in the forestomachs is limited. For animals with high production levels, high energy density and intake levels tend to decrease ruminal fiber digestibility, which should enhance the contribution of hindgut digestibility to total-tract digestibility. Potentially digestible fiber that escapes ruminal degradation should be available for digestion in the distal part of the digestive tract. But fiber digestion in the whole digestive tract is not complete (Archimè de et al., 1997; Firkins, 1997) . Current data suggest that the negative associative effect on fiber digestibility can be attributed to several factors, including ruminal characteristics, the retention time of particles, and ruminal microbial activity. In the rumen, the negative effect of supplemen-1 790 cus albus, and Ruminococcus flavefaciens) were determined by dot-blot hybridization using specific 16SrRNA-targeting probes. Enzyme activities were higher in the rumen than in the cecum and before feeding than at 3 h after feeding. The sum of the three cellulolytic bacterial species represented, on average, 4.5% of the total bacterial RNA in the two compartments and did not vary with sampling time. The cellulolytic bacterial community structure was different in the two compartments, with F. succinogenes as the main species in the rumen and R. flavefaciens in the cecum. The lower cellulolytic activity in the cecum than in the rumen could not be ascribed to any difference in the structure of the cellulolytic bacterial community between these two compartments, and other hypotheses related to digestion are proposed. tation on fiber digestion would be related to a decrease in fibrolytic activity of the solid-associated microorganisms (SAM) (Noziè re et al., 1996) , without modifications in the concentration of the SAM . These variations in microbial activity can reflect a specific decrease in the fibrolytic activity of the SAM and(or) a modification in the repartition of the cellulolytic bacteria species colonizing fiber.
In response to this question, we compared the cellulolytic microbial ecosystem of the rumen and the cecum using a dual approach, specific fibrolytic activity measurements and oligonucleotide probes to quantify cellulolytic bacteria (Fibrobacter succinogenes, Ruminococcus flavefaciens, Ruminococcus albus) in the microbial communities. These cellulolytic bacteria were chosen because of their importance in the ruminal ecosystem and because of the availability of well-characterized, specific oligonucleotide probes (Odenyo et al., 1994) .
Material and Methods

Animals and Feeding
Four Texel wethers of 63.5 ± 1.5 kg BW were used. Each had been fitted with a ruminal cannula made of polyamide and polyvinyl chloride (Synthesia, 94736 Nogent-sur-Marne, France) and a cecal cannula made of polyvinyl chloride (Synthesia). Surgery was performed under general anesthesia as described by Philippeau et al. (1999) . The animals were housed in individual stalls with automatic waterers and had free access to mineralized salt blocks (Na, 38%; Zn, 0.9%; Mn, 0.075%; Cu, 0.15%; I, 0.009%; Co, 0.0003%).
The animals received a diet (1,232 g DM/d) consisting of 60% barley and 40% alfalfa hay. They were fed twice daily, at 0800 and 2000. A diet adaptation period of 4 wk was allowed before the measurements were made.
Digestion Measurements
Ruminal and cecal fluids were collected by a pipe 1 h before feeding amd 3 and 6 h after feeding, and was immediately strained through a 100-m nylon filter. The filtrate was maintained under magnetic stirring for pH determination with a digital pH meter (Ag/AgCl electrode). The filtrate was preserved with a solution of 5% (vol/vol) orthophosphoric acid (0.5 mL in 5 mL rumen liquid). The VFA concentration and composition were analyzed by gas liquid chromatography (Jouany, 1982) . Collection of digestive contents was duplicated on each animal for two consecutive days.
Isolation of the Solid-Associated Microorganisms
Samples of ruminal digesta (100 g) were taken with a ladle 1 h before feeding and 3, 6, and 9 h after feeding. Samples of cecal digesta (60 g) were directly collected via the cannula at the same times as from the rumen. Collection of digestive contents was duplicated on each animal for two consecutive days. Samples were strained through a 100-m nylon filter, under a CO 2 stream, to separate the solid phase. Samples of solid phase sample (10 g) were washed with 50 mL of anaerobic salt solution (pH 6.5, 39°C; Coleman, 1978) to remove the nonadherent microbial population, and then recovered by filtration (100 m).
Enzyme Preparation and Activity Measurements
Enzymes were extracted from microorganisms under anaerobic conditions by the method detailed by Martin and Michalet-Doreau (1995) . A sample (5 g) of washed digesta containing solid-associated microorganisms was lacerated under anaerobic conditions and suspended in 25 mL of anaerobic buffer (0.025 M 2-(Nmorpholino) ethane-sulfonic acid (MES, pH 6.5, 4°C) containing 1 mM DL-dithiothreitol and stored at −80°C. The microbial cells present in the homogenate were disrupted by defrosting and ultrasonic disintegration (Labsonic U, B. Braun Biotech Inc., Bethlehem, PA, USA) for four 30-s periods at 4°C. Unbroken cell material was removed by centrifugation (15,000 × g, 15 min, 4°C), and the supernate was stored under a CO 2 headspace in capped tubes at −80°C and used as the enzyme preparation.
Polysaccharidase activities were determined by assay of reducing sugars released from purified substrates (Birchwood xylan, Sigma X-0502, Sigma-Aldrich Chimie, St Quentin Fallavier, France; Avicel cellulose microcristalline, Merck K16746030, Merck, Darmstadt, Germany) after incubation of substrate with the enzyme preparation at 39°C for 60 min. Xylan (2 mg/mL) and Avicel (10 mg/mL) were prepared in MES buffer (0.025 M, pH 6.5). Incubation mixtures consisted of 0.1 mL of enzyme preparation with 1.0 mL substrate (xylan assay) or 0.5 mL enzyme preparation with 1.5 mL substrate (Avicel assay). The reaction was stopped by denaturating enzyme proteins (heating at 100°C for 5 min). The amount of reducing sugars was quantified spectrophotometrically at 410 nm using the p-hydroxybenzoic acid hydrazide method (Lever, 1977) .
Glycosidase activities were determined by measuring the amount of p-nitrophenol released from the ap-
; 5 mM in MES buffer, 0.025 M, pH 6.5) after incubation 1.0 mL of substrate with 0.1 mL enzyme preparation at 39°C for 15 to 60 min. The reaction was stopped by adding 1.1 mL of glycine-NaOH solution (0.4 mol glycine/L, pH 10.8). The amount of p-nitrophenol released was quantified spectrophotometrically at 420 nm.
Enzyme and substrate controls were also performed simultaneously by replacing substrate and enzymes by MES buffer. Control values corresponding to nonspecific cleavage were then withdrawn of the amounts of reducing sugars and p-nitrophenol released in the enzyme-substrate preparation. The protein content of the enzyme preparations was determined by Pierce's method (Pierce and Suelter, 1977) using bovine serum albumin standards. Specific enzyme activities were expressed as micromoles of residual sugars for polysaccharidases or p-nitrophenol for glycosidases released per milligram of protein in 1 h.
Nucleic Acid Extraction, Hybridization and Labeling of the Oligonucleotide Probes
RNA was extracted from 50 mg of freeze-dried rumen or cecal contents by mechanical disruption of microorganisms for 2 min on a reciprocating shaker (MM2000, Kurt Retsch, 42 781 Haam, Germany) with zirconium beads (diameter 0.1 mm). Samples were processed in conical screw-cap propylene vials. Each vial contained the freeze-dried rumen and cecal content, 1 mL of RNAzol (Bioprobe Systems, 93100 Montreuil, France), and 0.1 g of zirconium beads. RNAzol contained guanidium thiocyanate (4 M) and phenol (pH 7.5). Mechanical disruption ensured a uniform extraction of nucleic acids from gram-positive, gram-negative, and eucaryotic microorganisms (Stahl et al., 1988). After shaking, vials were heated at 100°C for 2 min, and centrifuged (14,000 × g for 20 min). After two extractions with an equal volume of CHCl 3 , RNA was recovered by isopropanol precipitation (30 min at −20°C) and centrifugation (14,000 × g for 30 min). The pellet was then rinsed with 200 L of ethanol 75%, and centrifuged (14,000 × g for 6 min). Then RNA was suspended in 50 L of sterile diethyl pyrocarbonatetreated water. RNA was quantified with a spectophotometer assuming an A260 of 1 for 40 g/mL. RNA was denatured by addition (1 vol/3 vol) of a solution of 2% glutaraldehyde in Na-phosphate buffer (0.05 M, pH 7.0). The RNA samples were then diluted to obtain a concentration of 10 mg/L with distilled water containing 1 g/mL of poly(A) (Boehringer Mannheim 1112821) and 0.02 L/mL of bromophenol blue. RNA extractions were blotted on nylon membranes (Hybond N+, Amersham Pharmacia Biotech, 91400 Saclay, France) using a dot-blot apparatus (Schleicher and Schuell Co., Dassel, Germany).
Hybridization was conducted using synthetic HPLCpurified oligonucleotide probes (Eurogentec, Seraing, Belgium) 5′end-labeled with 32 P using a T4 kinase (Eurogentec). Four γ- (Table 1 ). The temperatures used for the stringent washes are also shown. Membranes were incubated for 1 h at 40°C with 3 mL of hybridization (0.9 M NaCl; 50 mM NaPO 4 , pH 7.2; 5 mM EDTA, pH 7.0; 10× Denhart solution and 0.5 mg of poly(A) per mL) before the addition of labeled oligonucleotide to about 2 × 10 5 dpm per sample dot. Incubation was continued for 8 h at the same temperature, and the filters were washed in SSC 1× (150 mM NaCl, 1.5 mM sodium citrate), 1% sodium dodecyl sulfate for 15 min at the temperatures indicated in Table  1 . Membranes were dried and exposed to a screen (Storm, Molecular Dynamics, ZI Les Bordes, CE 2318, 11 rue Madiot, 91923 Boudoufle, France). Bound probe was quantified by Image Quant Software (Molecular Dynamics). The quantities of RNA plotted varied between 25 and 100 ng for the reference RNA (16s, RNA Boehringer), standard RNAs (from references bacterial strains), and for RNAs extracted from the rumen and cecal samples targeted by the 338 probe. The quantities plotted for the specific probes were 25, 1.5, and 1 g. The amounts of microorganisms were expressed as fractions of the total bacterial RNA signal in samples.
Statistical Analysis
Ruminal fermentations, microorganism enzyme activities, and cellulolytic bacterial populations in rumen and cecum content were analyzed as a repeated measures design using the GLM procedure (SAS Inst. Inc., Cary, NC). Animals and microbial populations were the two main factors, and the effect of time postfeeding was taken into account in a repeated measures analysis of variance. Correlations among enzyme activities and cellulolytic bacterial populations were performed on 32 data (4 animals × 2 digestive compartments × 4 times), and between these variables and the fermentation parameters on 24 data (4 animals × 2 digestive compartments × 3 times).
Results
The pH values during the sampling period were lower in rumen than in cecum content, and this difference was maximal just after feeding (Table 2) . Total VFA concentrations of total VFA were significantly higher in rumen than in cecum content and increased in the rumen after feeding, although the cecal concentration of total VFA did not vary throughout the sampling period. In proportion of total VFA, ruminal and cecal concentrations of individual VFA were relatively constant in function of feeding time, but individual VFA proportions were different in the two microbial compartments. Lower acetate and higher propionate concentrations characterized the ruminal content in comparison with the cecal compartment.
Polysaccharidase (xylanase and avicelase)-specific activities of the solid-associated microorganisms were significantly higher in rumen than in cecum content at all the sampling times. For all sampling times, mean fibrolytic specific activities in rumen and cecum contents were, respectively, 5.8 vs 0.7 mol residual sugarsؒmg protein a NS = P > 0.10; † = P < 0.10; * = P < 0.05; ** = P < 0.01; *** = P < 0.001.
men content vs 0.18 in cecum content β-D-glucosidase (Table 3) . In the rumen, polysaccharide-degrading enzyme activities were maximal before feeding, 8.95 vs 4.94 mol residual sugarsؒmg protein −1 ؒh −1 for xylanase and 0.64 vs 0.18 for avicelase. They were significantly lower just after feeding and then increased gradually for xylanase or varied erratically for avicelase. Glycoside hydrolases activities varied likewise with time after feeding. As observed previously, the greatest differences occurred immediately after feeding, but they were not significant. In the cecum, the polysaccharide and glycoside hydrolase activities stayed constant at all sampling times. Examination of the microbial populations revealed that RNA from the three predominant cellulolytic species represented only 4.1 to 5.0 and 2.9 to 6.6% of the total bacterial RNA signal, in the rumen and cecum, respectively. The sum of the three cellulolytic bacterial species was 4.5%, on average, which is the same in the two digestive compartments, and did not vary significantly with sampling time (Table 4) . However, the cellulolytic bacterial community structure was different in the rumen and the cecum (Table 4 ). In the rumen, the relative population size of F. succinogenes was the highest, representing on average 2.1% of total bacterial RNA signal, whereas in the cecum, R. flavefaciens was the largest population, representing 2.4% a NS = P < 0.10; † = P < 0.10; * = P < 0.05; ** = P < 0.01.
of total bacterial signal. The relative proportions of cellulolytic bacteria were not modified by sampling time (Table 4) and showed no consistent differences between animals. Positive correlations were observed among the relative population sizes of the three species, suggesting some similarities in response to environmental conditions. However, correlations between probe hybridization signal of individual species or of cellulolytic bacteria sum with enzyme activities were nonsignificant, except between β-D-glucosidase and R. albus (r = 0.36). All enzyme activities except avicelase were significantly correlated with fermentation parameters probably because of the low extent of variation observed for this specific enzyme activity. Xylanase, β-D-xylosidase, and β-D-glucosidase displayed negative, significant correlations with pH (r = −0.65 to −0.76) and positive with VFA concentrations (r = 0.52 to 0.59). Correlations of these enzyme activities with acetate and butyrate proportions were significant and ranged from r = 0.58 to −0.73 for acetate and from r = 0.49 to 0.75 from butyrate proportions. At the opposite, correlations of individual cellulolytic species or their sum with fermentation parameters were nonsignificant, except between F. succinogenes and acetate (r = −0.60) or propionate (r = 0.57) proportions.
Discussion
The use of oligonucleotide probes enabled us to quantify a part of the cellulolytic bacterial community in the two digestive compartments of sheep, the rumen and the cecum. Analysis via 16S rRNA provided a framework for evaluating microbial communities with no need for prior cultivation (Amann et al., 1995) . The three bacterial species studied represented only 4.6% of the rumen and cecum total bacteria community.
This value is in agreement with the results found by Krause et al. (1999) in sheep rumen and by Ziemer et al. (2000) in dairy cattle rumen, 4.0 and 4.6% of the total bacterial rRNA signal, respectively. It is less than that found previously by us with rumen digesta (Michalet-Doreau et al., 2001 ) and higher than that reported by Weimer et al. (1999) , 1.5% of the total bacterial rRNA signal. Briesacher et al. (1992) subsequently reported that the population of F. succinogenes in the rumen accounted for 6% of the total bacterial population. Proportions of cellulolytic bacteria determined with culture methods reached 2% of total cecal bacteria in the hindgut of sheep (Lewis and Dehority, 1985) . In the equine cecum, this proportion ranged between 0.2% with the most-probable-number method (Kern et al., 1974) and 3% with the oligonucleotide probe technique (Julliand et al., 1999) . In our trial, the proportion of cellulolytic bacteria was consistent with previous work, whether or not molecular techniques were used, and was the same in the two digestive compartments. However, the cellulolytic bacterial community structure differed, with F. succinogenes being the main cellulolytic species in the rumen and R. flavefaciens being the main cellulolytic species in the cecum. In agreement with these results, R. flavefaciens was also the predominant cellulolytic species in the equine cecum (Julliand et al., 1999) .
We only studied enzyme activities of solid-adherent microorganisms. This microbial population was the most active in the rumen (Williams et al., 1989; Martin et al., 1993) and should be principally of bacterial and fungal origin (Dinsdale et al., 1978) . After washing of digestive samples, the weakly adherent population of protozoa should be mostly eliminated, with only 1 to 2% of the protozoa in the original fluid remaining in the solid fraction of digesta (Coleman, 1985) . By analogy with the rumen, we also measured fibrolytic activi-ties of adherent microorganisms in the cecum. To our knowledge, there is no study of the distribution of fibrolytic microbial activities in the ruminant cecum. In the rabbit cecum, fibrolytic activities were similar in solid-and liquid-associated bacteria (Jehl et al., 1995) , but they were higher in solid-associated bacteria in the equine cecum (Dupuy-Julliand, 1996) . Concentrations of VFA and specific activities of glycoside or polysaccharide-degrading enzyme were always higher in rumen than in cecum content, they displayed fluctuations during the 12-h feeding cycle for rumen, and they were relatively constant throughout the sampling period for cecum. But the concentration of cellulolytic bacteria species, expressed relative to the total bacterial signal, was the same in the two compartments and did not vary with feeding time. Some hypotheses can be proposed to explain this discrepancy between the results obtained with enzymatic methods and with the oligonucleotide probe technique. The enzymatic method amalgamated bacterial and fungal populations, and the relative proportion of these two microbial populations was different in the rumen and cecum (Davies et al., 1993) . Other hypotheses related to digestion can be proposed to explain the higher fibrolytic enzyme activities in rumen vs cecum. Different physicochemical conditions occurring in the rumen and the cecum can cause differences in fibrolytic enzyme activities of the microbial populations; mean ruminal pH was lower than in the cecum. Therefore physicochemical conditions in cecal content were unfavorable to enzyme production; mean particle retention (Bernard et al., 1998) and amount of potentially degradable substrate entering the cecum were lower than in the rumen. Fibrolytic enzymes may express their activity with a lag related to the entry of substrate. This hypothesis is consistent with the observations that cecum fibrolytic enzyme activities stayed stable during the day, whereas those of the rumen varied with time after feeding (Williams et al., 1989; Martin et al., 1993) . In the rumen, the digestive events are related to the kinetics of the intake, whereas the substrate inflow is more regular in the cecum.
In conclusion, the lower fibrolytic activity and fermentative potential in the cecum compared with the rumen could not be explained by a modification of cellulolytic bacterial community. In the same way, Stahl et al. (1988) and Weimer et al. (1999) did not find any relationship between digestion results and microbial ecosystem composition determined using oligonucleotide probes to rRNA. This absence of relationship may be due to the low identified bacterial proportion with the rRNA probes used or because this technique provides no information concerning viability, metabolic activity, ribosomal numbers, or growth stage of the bacteria (May et al., 1993) .
Implications
A wide range of techniques can be employed in microbial ecology. In this trial, the combination of the two techniques, assay techniques for a specific enzyme activities and techniques in molecular genetics offered new opportunities to distinguish between the abundance and activity of microbial species in digestion and to quantify them. Differences in fermentative pattern between rumen and cecum would depend more on fibrolytic activities of microbial species than on the abundance of cellulolytic bacteria.
